Two experiments were conducted to evaluate the effect of dietary L-carnitine on growth performance and body composition of early-weaned pigs. In Exp. 1, 120 weanling pigs (initially 5.6 kg and 19 ± 2 d of age) were allotted in a 3 × 2 factorial with four pigs per pen and five replications (pens) per treatment. Main effects from d 0 to 14 after weaning included dietary L-carnitine (0, 500, or 1,000 ppm) and soybean oil ( 0 to 10%). From d 14 to 35 after weaning, levels were reduced to 0, 250, or 500 ppm Lcarnitine and 0 or 5% soybean oil. No L-carnitine × soybean oil interactions were observed ( P > .10). From d 0 to 14, L-carnitine and soybean oil had no effect ( P > .10) on pig performance. 
Introduction
Carnitine is a naturally occurring B-vitamin-like compound found in humans and other mammals. Its primary function is to facilitate the transport of longchain fatty acids into the mitochondria for energy production (adenosine triphosphate) via b-oxidation and oxidative phosphorylation (Fritz and Yue, 1963; Bray and Briggs, 1980) . Thus, in instances of carnitine insufficiency, movement of long-chain fatty acids into mitochondria and their subsequent oxidation could be impaired. Research by Olson et al. (1989) showed that dietary L-carnitine affected fat metabolism in human infants. Baltzell et al. (1987) documented that carnitine is a critically important nutrient for human neonates. The critical need for carnitine coupled with reduced body reserves and biosynthesis in human neonates implicates carnitine as an essential nutrient (Borum, 1981) .
Within the commercial swine industry, the common practice of weaning pigs at 3 wk of age or younger has challenged nutritionists to develop economical feeding regimens that promote maximum growth rate. This practice has led to the use of high nutrient density diets for early-weaned pigs (Nelssen et al., 1991; Tokach et al., 1994) . These diets typically contain Table 1 . Composition of diets (as-fed basis, Exp. 1) a Diets were formulated to contain either 1.30% (control) or 1.40% (soybean oil) lysine, .90% Ca, .80% P, and 2.5 Mcal ME/g lysine. Analyzed L-carnitine values were 100, 636, and 960 ppm for the 0, 500, and 1,000 ppm L-carnitine diets, respectively.
b Diets were formulated to contain either 1.25% (control) or 1.30% (soybean oil) lysine, .90% Ca, .80% P, and 2.6 Mcal ME/g lysine. Analyzed L-carnitine values were 35, 282, and 493 ppm for the 0, 250, and 500 ppm L-carnitine diets, respectively. high levels of milk products (20 to 40%) and added fat ( 5 to 10%). However, recent research has shown that added fat (soybean, corn, and coconut oils or tallow) does not improve ADG of pigs less than 28 d of age (Mahan, 1991; Dove, 1993; Tokach et al., 1995) . This is surprising because sow's milk contains 35% fat (DM basis), and added dietary fat improved ADG and feed efficiency from d 14 to 35 after weaning (Mahan, 1991; Tokach et al., 1995) . However, because milk contains appreciable quantities of carnitine (Kerner et al., 1984) , newly weaned pigs may require a period of time before they are capable of synthesizing adequate amounts of carnitine. Haydon (1988, 1989) and Owen et al. (1993) have shown that feeding high levels of L-carnitine positively affected growth performance of weanling pigs and reduced average backfat thickness in finishing pigs. Therefore, the present studies were designed to determine the effect of L-carnitine on performance and fat utilization in the early-weaned pig.
Materials and Methods
Animal Care and Use. The experimental protocol used in this study was approved by the Kansas State University Institutional Animal Care and Use Committee.
Experiment 1. One hundred twenty crossbred
(Hampshire × Duroc × Yorkshire × Landrace) weanling pigs (initially 5.6 kg and 19 ± 2 d of age) were used in a 35-d experiment to determine the effects of L-carnitine and soybean oil on growth performance. Pigs were housed in an environmentally regulated nursery in pens (1.2 × 1.5 m ) with woven-wire flooring. The initial temperature of the nursery (35°C ) was reduced 1.5°C each week. Pens contained a five-hole self-feeder and nipple waterer to provide ad libitum access to feed and water. Pig and feeder weights were recorded weekly to determine ADG, ADFI, and feed efficiency ( G/F) . At weaning, pigs were allotted the six dietary treatments in a randomized complete block design. Blocks were based on initial BW and equalized for ancestry and sex. There were five replications (pens) per treatment, with four pigs per pen. The experimental treatments were arranged in a 3 × 2 factorial with main effects including L-carnitine (0, 500, or 1,000 ppm) and soybean oil ( 0 or 10%) fed from d 0 to 14 after weaning (Table 1) . From d 14 to 35 after weaning, Lcarnitine and soybean oil additions were reduced to provide 0, 250, and 500 ppm and 0 and 5%, respectively. Diets offered to pigs from d 0 to 14 after weaning were based on corn and soybean meal, contained 20% dried skim milk and 20% dried whey, and were formulated to contain at least 1.30% lysine with a constant calorie:lysine ratio of 2.5 Mcal ME/g lysine. Diets offered from d 14 to 35 after weaning contained 20% dried whey and were formulated to contain at least 1.25% lysine with a constant calorie: lysine ratio of 2.6 Mcal ME/g lysine. All diets were pelleted through a 4-mm die. On d 7 and 28, feeders were removed from pens, and blood samples were collected between 2 and 3 h later via vena cava puncture of all pigs. Blood was centrifuged at 2,500 × g for 25 min within 1 h of collection. Plasma was stored at −20°C until analyzed. Samples were analyzed for urea N with an autoanalyzer (Alpken Corp., Clackamas, OR) according to procedures described by Marsh et al. (1965) . Plasma was analyzed for nonesterified free fatty acids with a colormetric method (Wako Pure Chemical Industries, Osaka, Japan). Plasma and dietary carnitine concentrations were determined according to the method of Parvin and Pande (1977) .
Experiment 2. One hundred eighty weanling pigs (initially 6.0 kg and 22 ± 2 d of age) were used to determine the effects of L-carnitine fed from d 0 to 14 and from d 14 to 35 after weaning on growth performance and body composition. Pigs were allotted in a randomized complete block design with a 2 × 3 factorial arrangement of treatments. Pigs were fed either 0 or 1,000 ppm L-carnitine from d 0 to 14 after weaning, and then pigs fed these levels of carnitine were fed either 0, 250, or 500 ppm L-carnitine from d 14 to 35. Diets fed from d 0 to 14 after weaning were formulated to contain 1.45% lysine, and diets fed from d 14 to 35 after weaning contained 1.25% lysine (Table 2) . Facilities, care, and allotment of pigs were identical to those in Exp. 1.
At weaning ( d 0), six barrows and six gilts were selected randomly and slaughtered, and the whole carcass was ground to determine initial empty body composition (percentages of moisture, CP, lipid, and ash; AOAC, 1990). On d 35, 14 pigs per treatment (seven barrows and seven gilts) from four of the six treatments were selected randomly and slaughtered to determine daily carcass tissue accretion rates. The four treatments from which pigs were selected included 0/0, 0/500, 1,000/0, and 1,000/500 ppm Lcarnitine fed from d 0 to 14 and from d 14 to 35 after weaning, respectively. This selection resulted in a 2 × 2 factorial arrangement of treatments for body composition analysis. At 24 h postmortem, the whole carcass (minus the head and viscera) was ground once through a 15-mm plate, once through a 9-mm plate, and then homogenized for 3 min in a ribbon-paddle mixer. Chemical analysis (AOAC, 1990) was conducted on each sample in triplicate. The heart and liver were removed from each animal following slaughter. A 20-to 25-g sample was taken from the same anatomical location from the heart and liver as well as a sample from the ground carcass for the determination of tissue carnitine concentrations using the method described by Parvin and Pande (1977) . From the chemical analysis, the amounts of CP, lipid, ash, and moisture were determined for each carcass based on cold carcass weight. Chemical components (CP and lipid) from the initial slaughter group (12 pigs) were averaged and expressed as percentages of cold carcass weight. Thus, the initial composition, determined from the percent chemical composition of cold carcass weight, was subtracted from chemical composition determined at d 35 after weaning. Crude protein and lipid accretion rates were calculated as the difference between final ( d 35 after weaning) and initial compositions, divided by 35. The chemical composition of the initial 12 pigs was as follows: CP, 589 g, 15.8%; lipid, 425 g, 11.4%. On d 7 and 28 after weaning, blood samples were collected and analyzed for plasma carnitine and nonesterified fatty acids as described for Exp. 1. Dietary carnitine concentrations were determined as described for Exp. 1.
Statistical Analyses. Data from Exp. 1 and 2 were analyzed as a randomized complete block with a factorial (L-carnitine × soybean oil and L-carnitine level fed from d 0 to 14 × d 14 to 35 after weaning, respectively) arrangement of treatments. Pigs were blocked on the basis of initial weight with pen as the experimental unit. Treatment main effects and their interactions were evaluated. Body composition in Exp. 2 was analyzed as a 2 × 2 factorial, and carcass weight was used as a covariate. Analyses of variance was performed using the GLM procedure of SAS (1988). Linear and quadratic polynomials (Peterson, 1985) were used to evaluate treatment means for both Exp. 1 and 2.
Results

Experiment 1.
No L-carnitine × soybean oil interactions ( P > .10) were observed throughout the 35-d study (Table 3) . Pig growth performance from d Table 3 . Effect of L-carnitine and soybean oil on growth performance and plasma metabolites of weanling pigs (Exp. 1) a a A total of 120 weanling pigs, four pigs/pen and five replicate pens/treatment; average initial weight was 5.6 kg. b Soybean oil levels were reduced from 10 to 5% from d 14 to 35 after weaning. c Supplemental L-carnitine levels as fed from d 0 to 14 and 14 to 35 after weaning, respectively. d,h,j Effect of soybean oil ( P < .05, P < .10, and P < .01, respectively). e,f Effect of L-carnitine (linear, P < .05, and P < .01, respectively). g,i Effect of L-carnitine (quadratic, P < .05, and P < .10, respectively). 0 to 14 was similar ( P > .10) across treatment groups. However, from d 14 to 35 and d 0 to 35 after weaning, G/F increased (linear, P < .05) as dietary L-carnitine increased. L-Carnitine had no effect ( P > .10) on ADG or ADFI from d 14 to 35 or d 0 to 35. Addition of soybean oil improved ( P < .05) ADG and G/F from d 14 to 35 and ADG for the cumulative 5-wk trial. Addition of L-carnitine increased plasma carnitine concentrations on d 7 (quadratic, P < .05) and d 28 (quadratic, P < .10). On d 7 after weaning, plasma urea N decreased ( P < .01) and nonesterified free fatty acid concentrations increased ( P < .01) for pigs fed soybean oil. Plasma urea N concentrations taken on d 28 increased (quadratic, P < .05) with increasing L-carnitine. On d 28 after weaning, nonesterified free fatty acid concentrations increased ( P < .10) for pigs fed soybean oil.
Control
Experiment 2.
No interactions were observed between L-carnitine level fed from d 0 to 14 and d 14 to 35 after weaning on growth performance or body composition ( P > .10; Table 4 ). From d 0 to 14 after weaning, L-carnitine increased ADG ( P < .08) and ADFI ( P < .02) but had no effect on G/F ( P > .10). From d 14 to 35, ADFI decreased (linear, P < .05) and G/F increased (quadratic, P < .05) with increasing Lcarnitine. For the cumulative 5-wk trial, increasing dietary L-carnitine improved G/F (linear, P < .10) and decreased ADFI (linear, P < .05); however, ADG was not influenced. Addition of L-carnitine increased plasma carnitine concentrations measured on d 7 ( P < .05) and d 28 (quadratic, P < .05). Nonesterified free fatty acid concentrations were reduced on d 7 ( P < .05) and d 28 (quadratic, P < .05) with the addition of L-carnitine. Neither chilled carcass weight nor dressing percentage of pigs slaughtered from the four selected treatments on d 35 was affected by Lcarnitine (Table 5 ). Carcass CP, moisture, and ash were not influenced ( P > .10) by dietary L-carnitine on d 35. However, pigs fed 1,000 ppm L-carnitine from d 0 to 14 after weaning had less ( P < .05) carcass lipid and daily lipid accretion on d 35, regardless of whether they were fed carnitine from d 14 to 35. The free carnitine levels in the whole carcass, liver, and heart were increased ( P < .01) with increasing levels of dietary L-carnitine.
Discussion
Increasing dietary L-carnitine resulted in increased plasma carnitine concentrations and, in Exp. 2, increased carnitine concentrations in the whole car- Table 4 . Effect of L-carnitine on growth performance of weanling pigs (Exp. 2) a a A total of 180 weanling pigs, six pigs/pen, and five replicate pens/treatment were used; average initial weight 6.0 kg. b L-Carnitine levels fed from d 0 to 14 and 14 to 35 after weaning, respectively. c,d L-Carnitine effect ( P < .08 and P < .02, respectively). e,g L-Carnitine effect (linear, P < .05 and P < .10, respectively). f L-Carnitine effect (quadratic, P < .05). cass, liver, and heart. This result confirms that the absorption and uptake of carnitine within the body was increased by dietary supplementation. Increases in plasma and tissue carnitine concentrations also have been reported by Owen et al. (1994b) and Kempen and Odle (1995) . In Exp. 1, we initially expected the greatest response to L-carnitine immediately after weaning ( d 0 to 14). This is when L-carnitine synthesis by newly weaned pigs is lowest (Kerner et al., 1984) and when dietary fat does not increase ADG or G/F (Mahan et al., 1991; Tokach et al., 1995) . We hypothesized that the cause of this poor utilization of added fat was low fatty acid uptake by the mitochondria. Therefore, added L-carnitine was expected to improve growth rate and feed conversion of pigs fed added fat immediately after weaning. However, on the basis of the results of our study, the inability of added fat to improve growth and feed conversion immediately after weaning was not altered by L-carnitine. Our findings support those of Hoffman et al. (1993) , who also reported that the addition of L-carnitine to soy protein-based diets did not preferentially improve performance of neonatal and young pigs fed diets containing crude soybean oil. However, in contrast to our results, Hoffman et al. (1993) did not observe improvement in growth performance from added Lcarnitine. Differences in diet composition and(or) nutrient levels may explain this variation in response. Newton and Burtle (1992) found high levels of dietary lysine (1.5% total lysine) to be detrimental to growth performance when supplemental L-carnitine was fed to nursery pigs (28 to 42 d of age). Diets used by Hoffman et al. (1993) contained 1.65 or 1.85% total lysine from d 0 to 21 after weaning, followed by 1.58 or 1.79% total lysine from d 21 to 42 and 1.45 or 1.64% total lysine from d 42 to 63. These levels are higher than those used in our study (1.35 to 1.45%).
Added dietary fat from d 0 to 14 after weaning resulted in no improvement in growth performance, but plasma urea concentrations were lower in pigs fed added soybean oil on d 7 after weaning. The decrease in plasma urea concentrations of pigs fed added soybean oil suggests that the energy content of the diet was limiting protein synthesis and that our calorie:lysine ratio (2.5 Mcal/g lysine) was too low for this weight pig. However, added soybean oil improved ADG and G/F from d 14 to 35. This is in agreement with the findings of Tokach et al. (1995) and Mahan (1991) . Although added fat does not improve growth performance from d 0 to 14 after weaning, diets containing high levels of milk products need to contain at least 3% added fat to be pelleted and have acceptable pellet quality and mill throughput (Leaver, 1988) . Secondly, previous research has shown that weanling pigs require an adjustment period to utilize fat (Tokach et al., 1995) . Consequently, improved performance from added fat from d 14 to 35 requires at least some added fat to be fed from d 0 to 14 after weaning. The first reaction in carnitine biosynthesis involves the formation of e-N-trimethyllysine from methionine and lysine. However, the use of free lysine in this process is questionable because mammals do not have the enzyme S-adenosyl-L-methionine-6-N-L-lysine methyltransferase, which methylates free lysine. LaBadie et al. (1976) showed that carnitine biosynthesis involves trimethyllysine as a peptide-bound precursor. Rebouche (1991) suggested that the majority of trimethyllysine is synthesized in skeletal muscle. Therefore, lysine must be bound in muscle protein, and protein turnover is necessary for carnitine synthesis. Khairallah and Wolf (1965) observed that the addition of DL-carnitine in diets low in methionine led to an increase in the growth rate of rats. They calculated that up to 25% of the methionine present in an 8% casein diet might be utilized for carnitine synthesis. Increasing dietary methionine to .7% of the diet resulted in an enhancement in growth rate and an increase in carnitine content of the liver, leading these researchers to suggest that dietary carnitine has a methionine-sparing action in rats. Lee (1976) also reported that carnitine had a sparing effect on lysine. Because both lysine and methionine are required for the biosynthesis of L-carnitine (Cox and Hoppel, 1973a,b) , increasing the level of dietary L-carnitine might be expected to spare both lysine and methionine. Unpublished research in our laboratory has shown that L-carnitine increases concentrations of lysine, methionine, and branch-chain amino acids (leucine, isoleucine, and valine) in muscle tissue of finishing pigs. More research is needed to address the effect that supplemental L-carnitine has on amino acid metabolism.
Unlike results of Exp. 1, addition of 1,000 ppm Lcarnitine improved ADFI and ADG from d 0 to 14 after weaning in Exp. 2. Newton and Haydon (1988) found that pigs fed up to 6,000 ppm of L-carnitine had increased ADG and ADFI from d 0 to 20 after weaning. In the present studies, G/F was improved consistently from d 14 to 35 and 0 to 35 after weaning. In Exp. 2, G/F was increased regardless of whether pigs were fed L-carnitine from d 0 to 14 after weaning. Owen et al. (1994a) found that pigs fed 1,000 ppm Lcarnitine from d 0 to 35 after weaning were 6% more efficient and were 9% heavier on d 35 compared with pigs fed no added L-carnitine.
On the basis of tissue accretion rates observed in Exp. 2, the improvements in G/F from added Lcarnitine seem to be the result of decreased lipid deposition. This response is consistent with the concept that increased carcass leanness is associated with a concurrent improvement in feed efficiency (Brown et al., 1973a,b; Friesen, 1994) . As a result, leaner pigs generally have better feed conversion than fatter pigs. Newton and Haydon (1989) observed that finishing pigs fed added L-carnitine had better feed efficiency and less average backfat thickness than control pigs, which is consistent with our results. Although percentages of carcass moisture, ash, and CP were not influenced by dietary L-carnitine, pigs fed 1,000 ppm L-carnitine from d 0 to 14 after weaning had less (29%) daily lipid accretion on d 35, regardless of whether they were fed carnitine from d 14 to 35. Owen et al. (1994a) reported that the percentages of carcass CP and daily protein accretion were not influenced by dietary L-carnitine on d 35 after weaning. However, daily fat accretion was reduced with increasing dietary L-carnitine (750 to 1,000 ppm). These results are similar to those previously reported by Owen et al. (1993) , in which lipid accretion rates were reduced 26% by feeding 1,000 ppm of L-carnitine from d 0 to 35 after weaning.
These data suggest that carnitine influences fat accretion without influencing growth performance. This may be a result of L-carnitine affecting fatty acid metabolism, which in turn could be affecting key regulatory enzymes involved with acetyl CoA metabolism in the Krebs cycle. Kempen and Odle (1995) , using newborn pigs, indicated that L-carnitine influences the flux rate of b-oxidation. If Lcarnitine increases fatty acid oxidation, daily lipid accretion rate would be decreased. L-Carnitine also may play a part in regulating enzymes such as pyruvate carboxylase and branch-chain keto acid dehydrogenase enzyme (Cyr et al., 1991) . Increased fatty acid oxidation could raise the mitochondrial level of acetyl CoA; pyruvate carboxylase is an acetyl CoAdependent enzyme that can supply carbon chains for amino acid biosynthesis (Cyr et al., 1991) . However, further investigation into other possible roles of Lcarnitine in metabolism will be needed to determine the regulatory pathways by which L-carnitine reduces lipid deposition in pigs.
Implications
Added dietary L-carnitine improved the gain:feed ratio 10 to 15% and reduced daily lipid accretion from day 0 to 35 after weaning. However, added carnitine did not preferentially improve growth performance of weanling pigs fed diets containing soybean oil. Because of the wide range of L-carnitine levels used in these experiments, the optimal level or sequence of supplementation (day 0 to 14 vs day 14 to 35 after weaning) needs further investigation.
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